
Contents lists available at ScienceDirect

Agriculture, Ecosystems and Environment

journal homepage: www.elsevier.com/locate/agee

Impact of irrigation management on paddy soil N supply and depth
distribution of abiotic drivers

Masuda Aktera,b,e,⁎, Heleen Derooa,d, Ahammad Mostafa Kamala, Mohammed Abdul Kaderb,f,
Elizabeth Verhoevenc, Charlotte Decockc, Pascal Boeckxd, Steven Sleutela

a Department of Environment, Faculty of Bioscience Engineering, Ghent University, Belgium
bDepartment of Soil Science, Faculty of Agriculture, Bangladesh Agricultural University, Bangladesh
c Department of Environmental Systems Sciences, Institute of Agricultural Sciences, Swiss Federal Institute of Technology, ETH-Zurich, Zurich, Switzerland
d Isotope Bioscience Laboratory, Faculty of Bioscience Engineering, Ghent University, Belgium
e Soil Science Division, Bangladesh Rice Research Institute, Bangladesh
f School of Agriculture and Food Technology, University of South Pacific, Apia, Samoa

A R T I C L E I N F O

Keywords:
Redox potential
Fe-Mn
Reductive dissolution
N mineralization
Water management

A B S T R A C T

In rice production, water-saving irrigation management is expanding and likely alters depth profiles of soil
moisture, redox potential (Eh) and microbial activity. It is, however, unclear how such conditions then impact
net soil N-release and availability to the rice crop, because we do not know well enough how water-saving
irrigation management shapes depth-distribution of Eh and reductive processes, and microbial activity. A field
experiment with rice was laid out on a typical young floodplain paddy soil of Bangladesh with three irrigation
schemes, viz. continuous flooding (CF), safe alternate wetting and drying (AWD) and direct seeded rice (DSR),
with 120 kg N ha−1 (N120) or without (N0) urea application. We evaluated changes in soil mineral N and plant N
uptake, CH4 and CO2 emissions and soil pH, and at multiple depths soil Eh and temperature, dissolved C, Fe and
Mn throughout 2015 dry (Boro) season (Jan–Apr). Eh stayed at or above ∼+300mV except for sudden drops to
∼−200mV with irrigation events in DSR. Eh quickly dropped to methanogenic conditions, under both AWD
and CF; rises to ∼+200mV were observed during AWD-drainage events but were restricted to upper 5.5 or
12.5 cm depths. Throughout the growing season there was a pronounced increase in reductive dissolution of Fe
and Mn (hydro-) oxides, buildup of dissolved C, and CH4 effluxes under AWD and CF but not DSR, likely at least
partially driven by the gradual soil warming from ∼20 °C till 28 °C. Predominant aerobic conditions under DSR
lead to a nearly doubled C-emissions (CO2+CH4) compared to AWD and CF, suggesting more soil organic
matter (OM) degradation in the former case, while soil mineral N plus plant N build-up rate followed an opposite
order. Urea application did not raise soil exchangeable N levels, even prior to significant plant uptake from 28
DAT (days after transplanting), and we forward temporal abiotic NH4

+-fixation and N-removal processes as
explanations. We conclude that regardless of some distinctions in temporal evolutions of puddle layer Eh, so-
lution C, Fe and Mn, and CH4-emission, soil N-supply was quite comparable under AWD and CF, as was rice
yield. In the context of N availability, AWD could be safely adopted for rice growth in the Bangladeshi Boro
season. The eventual fertilizer N recovery efficiency was higher for CF (42%) than for AWD (32%), but AWD
saved 12% irrigation water. While DSR saved 45% water there was a large yield penalty, likely due to drought
stress but also by poor germination caused by cold night temperatures in mid-January, while seedling trans-
plantation in CF and AWD plots was only later on 28 January. Further research should be conducted to in-
vestigate the fast and pronounced removal of exchangeable inorganic N after initial N buildup by soil OM
mineralization, especially in CF and AWD. At this moment most likely candidate processes appear clay-NH4

+

fixation and anaerobic NH4
+-oxidation.

1. Introduction

N fertilizer recovery is generally low for rice (Oryza sativa), approx.

31–40% (Cassman et al., 2002) compared to other cereals, and a sub-
stantial part (34 to 46%) of N taken up by rice plants derives from
native soil supply. Hence organic matter (OM) mineralization (≥50%
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of rice’s N demand) (Zhu, 1989) and possibly also NH4
+-defixation are

essential to meet the rice N demand. Understanding the patterns of soil
mineral N and crop N uptake throughout rice growing season is crucial
to develop appropriate N fertilizer advice. Whereas blanket N-doses are
still usually applied, regardless of the considerable cost to many South-
East Asian farmers. Besides N, water supply is another important factor
sustaining rice production because cultivated rice is highly sensitive to
water shortage and requires 2500L water kg−1 grain production
(Bouman, 2009). Out of 75 million hectares of irrigated rice area, in
Asia, 15–20 are expected to experience water shortage by 2025 (Tuong
and Bouman, 2003). Dry season irrigated (Boro) rice contributes more
than half of the national rice production in Bangladesh. Underground
water is pumped up to keep paddy fields flooded during various growth
stages (Parvin and Rahman, 2009; Price et al., 2013). This dependency
on ground water reserves draws down the water table and makes irri-
gation water a costly input for farmers, approximating 25–30% of the
production cost. Therefore the promotion of water-saving irrigation
managements, especially alternate wetting and drying (AWD) and di-
rect seeded rice (DSR), in South-East Asia and now also in Bangladesh is
growing steadily. Relative to CF, adoption of DSR and AWD might save
up to 50–70% and ∼35% water, mostly by maintaining soil moisture
level at field capacity and flood water level at≤ 15 cm from soil sur-
face, respectively (Rahman and Masood, 2012; Price et al., 2013).
Hence both techniques could enhance water productivity, minimize
non-beneficial water flows (i.e. seepage, percolation and evaporation)
(Bouman et al., 2005), and N leaching losses from paddy fields, ac-
cording to Tan et al. (2015) by 3–24%.

Associated changes in alternation of aerobic and anaerobic condi-
tions in paddy fields has, however, been reported to enhance gaseous N
losses via nitrification-denitrification (Dong et al., 2012; Reddy and
Patrick, 1975) and is expected to alter soil physicochemical properties
like the use of oxidants for soil OM decomposition, level of dissolved
OM, soil pH and Eh compared to continuously flooded, (CF) fields
(Kögel-Knabner et al., 2010; Pan et al., 2014). Soil microbial activity
and N supply processes are largely driven by these abiotic factors whose
depth profiles are expected to differ strongly in continuously and non-
continuously flooded fields. It is difficult to predict just how a rise in Eh
and lowering of pH via re-aeration and concomitant decrease in me-
thanogenesis (Minamikawa and Sakai, 2006; Moterle et al., 2013) and
reduced species like Fe2+ and Mn2+ (Gotoh and Yamashita, 1966; Pan
et al., 2014), will impact soil N-supply from non-continuously flooded
paddy fields.

On the one hand it is generally assumed that net release under
anaerobic conditions is higher due to lower metabolic N requirements
of anaerobes under flooded (Kader et al., 2013; Ono, 1989; Patrick and
Wyatt, 1964; Reddy and De Laune, 2008) than non-flooded or con-
tinuously aerated conditions. But flooding on the other hand could
decline fertilizer derived and indigenous available N through enhanced
immobilization (Cucu et al., 2014; Devêvre and Horwáth, 2000). Fur-
thermore, in paddy soils facing short and frequent draining-rewetting
events, SOM may decompose at a faster rate and NO3

− formed by ni-
trification may quickly lost by denitrification in subsequent wetting;
together increasing C and N losses (Reddy and Patrick, 1975; Tan et al.,
2015). Soil OM decomposition and consequent N mineralization in
flooded paddy soils furthermore depends on the kind and amount of
reducing and oxidizing agents, like NO3

−, Mn3+/4+, Fe3+, SO4
2− and

CO2, with easily oxidizable substrates like dissolved OM and most
abundant reducible agents like Fe- and Mn-(hydr-)oxides being most
important (Li et al., 2010; Ponnamperuma, 1972). A link between N
and Fe cycles was already suggested from our previous laboratory and
greenhouse studies with Bangladeshi paddy soils (Akter et al., 2016;
Akter et al., 2018), where we found positive correlations and a close
temporal synergy between dissolved Fe and soil mineral N buildup. OM
adsorbed by clay minerals and Fe- and Mn- (hydr-)oxides is released as
dissolved OM under reducing conditions by reductive dissolution or
desorption via a pH rise and may be readily available for microbial

degradation and thereby contribute to mineral N release, or act as an
intermediate transitional pool for subsequent mineralization (Grybos
et al., 2009; Huang et al., 2016; Li et al., 2010; Said-Pullicino et al.,
2016). Yet, net effects in the field could be complicated because Xu
et al. (2013) for example, found that fluctuation in Eh due to multiple
wet dry cycles increased dissolved OC content in the surface but de-
creased it in the deeper soil by diminishing leaching and percolation.
Lastly, reduction of the Fe3+ in clay minerals (e.g. vermiculite or in-
terstratified vermiculite-chlorite) or dissolution of Fe-(hydr-)oxides
coatings on clay surfaces at low Eh could also favor release of fixed
NH4

+, and hence influence soil exchangeable N levels (Brookshaw
et al., 2016; Scherer and Zhang, 1999).

The majority of detailed studies on paddy soils’ N mineralization
have, however, been conducted in laboratories or green-houses (Narteh
and Sahrawat, 2000; Akter et al., 2018) under continuous flooding or
draining conditions using soils from surface layers. But then the ability
to assess dynamics of depth profiles of physicochemical driving vari-
ables of N mineralization was limited. Therefore, a field experiment was
conducted to test to what extent and depth, reductive dissolution of Fe
and Mn, occurrence of anaerobic conditions and microbial activity
differ between soils under continuous and water-saving irrigation
alongside soil N supply. We expected that non-continuous flooding
would lower soil N supply because 1° aerobic OM degradation results in
less net N-release than anaerobic microbial activity (Reddy and De-
Laune, 2008), 2° NH4

+-defixation would be limited (Cucu et al., 2014)
and 3° release of dissolved OM is reduced compared to under con-
tinuous flooding (Said-Pullicino et al., 2016). We compared urea-ferti-
lized and unfertilized paddy fields in addition to compare urea fertilizer
N-use efficiency in function of irrigation regime. We conducted a depth-
differentiated follow up of the dynamics of pH, Eh, dissolved C, solution
Fe and Mn in-situ under three irrigation managements (CF, AWD and
DSR) in a young floodplain paddy soil in Bangladesh during the Boro
rice growing season. Simultaneously we measured mineral N build-up
in soil and plant, topsoil pH, and CH4 and CO2 emission as a measure of
general soil biological activity.

2. Materials and methods

2.1. Site description, soil properties and materials

The field experiment was conducted in 2015 on a paddy field
managed by the Soil Science Dept. of Bangladesh Agricultural
University (24°42′55″N, 90°25′47″E, average altitude 18m). The se-
lected soil and management were typical for the North of Bangladesh:
Rice-Fallow-Rice cropping on a non-calcareous dark grey Floodplain
soil, with a subtropical monsoon climate, annual mean temperature of
25.8 °C and rainfall of 2427mm (BMD, 2015) mostly between April to
October. We monitored soil biochemical properties, crop growth and N-
uptake during dry Boro rice growing season (January to May), during
which no or low rainfall necessitates flood irrigation of pumped-up
ground water. Air temperature and rainfall data were obtained from the
weather station 2 km away from field, at the university campus.

The plow layer and plow pan extended from 0 to 15 cm and
15–21 cm depth, with bulk density of 1.1 and 1.5 g cm−3, respectively.
Main physical and chemical soil properties of the surface (0–15 cm) and
subsoil (15–25 cm) layers at initiation of the field trial are given in
Table 1. The soil texture was silt loam with a neutral pH(H2O). Soil
porosity, total C and N, ammonium oxalate extractable Fe and Mn, and
exchangeable NH4

+ contents were greater in the surface soil than in the
subsoil. The levels of essential plant available nutrients in the puddle
layer remained above critical limits, except for K, Zn and Mo (BARC and
FRG, 2012). The rice cultivar in this study was BRRI Dhan28 (devel-
oped by Bangladesh Rice Research Institute); it is a predominant variety
covering almost 33% of the total Boro rice area (out of 97%) cultivating
modern varieties. The average yield, height and growth duration was
6 t ha−1, 90 cm, and 140 days respectively, of which the vegetative
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stage is almost 75 days, reproductive stage 35 days and ripening stage
30 days.

2.2. Experimental design and management of water, nutrient and crop

The field experiment was laid out in a split plot design with three
water managements (DSR, AWD and CF) in the main blocks and two N
levels (N0: 0 and N120: 120 kg N ha−1) in the sub-plots with three field
replicates per treatment (Appendix Fig. A.1.1). Two N levels were se-
lected to assess net mineral N availability from indigenous soil N pools
(N0), complemented with that from urea applied at the regionally re-
commended dose for N120. In adaptation to a future drier climate, DSR
(direct seeded rice) could be introduced as a water-saving irrigation
system. Seeds were then directly sown in the field at soil moisture level
around field capacity instead of puddled transplanting (Rahman and
Masood, 2012). Irrigation was only provided to maintain soil moisture
content up to field capacity, and wet soil conditions were maintained by
flood irrigation around early tillering, panicle initiation and flowering
(Rahman and Masood, 2012). Thus DSR saves substantial amount of
(50–70%) irrigation water compared to CF. AWD or rather ‘safe AWD’
adopted in this study is an irrigation system in which the field is only re-
flooded as soon as the water level in installed perforated PVC tubes
reaches below 15 cm from soil surface. This is approximately equivalent
to keeping rooting zone soil water potential between 0 and −10 kPa in
loam and clay loam soils (Carrijo et al., 2017), which should cause no
yield reduction. Overall, 18, 20m2 subplots were established and main
and sub plots were separated from each other by 50 cm and 30 cm earth
bunds, respectively. To prevent exchange of water and fertilizer across
plots, main blocks were separated by 2m wide irrigation channels and
plastic sheets till 45 cm depth. After soil preparation, 5–7 pre-soaked
and sprouted seeds of BRRI Dhan28 were sown per hill in DSR plots on
January 14, 2015 and 55 days aged seedlings were transplanted later on
January 28, 2015 in CF and AWD plots with a spacing of
25 cm×15 cm. On CF plots ponded water was maintained at 1–8 cm
above soil surface from transplanting until harvest (Fig. 1e). Plots under
AWD regime were flooded from transplanting for two weeks and then
AWD was imposed from 15 to 52 DAT (∼ 10 days before flowering) in
line with IRRI’s recommendation (Howell et al., 2015) and to avoid

yield loss by facing water shortage during the reproductive stage. In
each of the AWD plots, a PVC pipe of 30 cm length×10 cm diameter
with holes at the bottom 20 cm was installed. As soon as the water
depth in the PVC tube reached at ∼15 cm below soil surface, irrigation
was applied to a 4–7 cm flooded water level above soil surface and the
plots were left to dry once again. Three consecutive cycles of AWD were
required viz. lasting 7 (26–32 DAT), 5 (39–43 DAT) and 4 (49–52 DAT)
days (Fig. 1e). Much variation exists in actual implementation of AWD
among studies, depending on climate and soil texture. Here, only a
limited number of three prominent drying cycles were imposed, which
is probably not representative for lighter textured soils, but rather for
alluvial silt-loam paddy fields. Bouman et al. (2007) and Howell et al.
(2015) for instance implemented a very similar AWD management.
From 52 DAT onwards again the plots were continuously flooded until
harvest. On DSR plots BRRI Dhan28 was sown directly in dry soil
14 days before transplanting in case of AWD and CF. In DSR soil
moisture level was maintained either at field capacity or nearly satu-
rated soil condition for which only six times (on 7, 28, 45, 62, 77 and 99
DAT) irrigation water had to be supplied during DSR’s whole growth
duration (141 days). From 62 DAT almost ponded water level was re-
tained until harvest by heavy unevenly distributed rain events, the soil
was at saturation between 76 and 77 and 96–99 DAT (Fig. 1 and e).
Underground water was pumped from a nearby irrigation channel and
the irrigated volumes were recorded. No irrigation water had to be
applied at all from rice plant physiological maturity (from 77 DAT in CF
and AWD, from 99 DAT in DSR) until harvest, but heavy rain events
flooded the plots. Crop cultivation and agronomic operations for rice
growth are described in detail in Appendix A. 2).

2.3. Monitoring of soil moisture, temperature, redox potential and pH

In two of the N-fertilized AWD and DSR plots, four PVC Tensiometer
tubes were installed in the plough layer (5 and 12.5 cm), plough pan
(17.5 cm) and subsoil (28 cm) (Appendix Fig. A.1.2a). Soil moisture was
only measured in the two water saving treatments, as the CF was
continuously flooded and expected to be at saturation throughout the
growing season. Matric (h) potentials in head unit were measured fre-
quently by means of an Electronic pressure sensor (SMS 2500 S), and
the height of the water column in the tensiometer tubes above soil
surface were recorded. During the drying cycle in two of the N120- AWD
(32 DAT) and DSR (44 DAT) plots, soil bulk density (by core method
using metallic cores of 50mm diameter× 52mm height), porosity and
moisture contents at puddle layer, plough pan and subsoil layers were
determined. Soil water retention characteristic curves (pF) were de-
duced (data not shown) for pressure ranges of −10 to −100 cm and
−100 to −15300 cm using the sandbox hanging-water column tech-
nique and pressure plate method at Ghent University. A quadratic re-
gression model best fitted the pF-Ɵv data (R2 > 0.98) and was used to
convert measured matric potentials into Ɵv and % of water-filled pore
space (WFPS) (Fig. 1c and d).

To acquire insight in the temporal evolution of depth profiles of
redox potential (Eh) permanently installed soil Eh/T°-probes connected
to a HYPNOS III-data logger (MVH Consult, The Netherlands) were used
in two of the N120-CF, AWD and DSR plots (Appendix Fig. A.1.2b and c).
Soil Eh and temperature were measured only for N fertilized (N120)
treatments, since the management practices for both N fertilized (N120)
and unfertilized (N0) plots per irrigation system were similar and ex-
pected to lead identical outcomes. Each probe was fitted with four
platinum ring-shaped electrodes (measured Eh at 5.5, 12.5, 20.5 and
30.5 cm depth) and two temperature sensors (measured T° at 8 and
28 cm depth). These particular depths were motivated likewise as in-
stallment of tensiometers. A single reference electrode (3M KCl satu-
rated with AgCl) connected to the data logger was also installed per-
manently in the field. The Eh was recorded every 30min for 84 days
and corrected for the Ag/AgCl reference electrode’s mV offset. Soil pH
was measured in-situ by regular insertion of a portable pH-glass

Table 1
Relevant physico-chemical properties of the initial soil before onset of the field
trial from surface (0–15 cm) and sub-surface (15–25 cm) layers (n. d. not de-
termined) and critical limits of plant available nutrients in soil.

Soilproperties Surface layer
(0–15 cm)

Subsoil
(15–25 cm)

Critical limit in
soil (mg kg−1)
(BARC, 2012)

Texture Silt Loam Silt Loam –
Bulk density (g cm−3) 1.1 ± 0.05 1.5 ± 0.04 –
Porosity 0.59 ± 0.02 0.47 ± 0.02 –
Total C (% ± SE) 1.41 ± 0.03 1.05 ± 0.14 –
Total N (% ± SE) 0.16 ± 0.01 0.12 ± 0.01 –
pH-H2O (1:5) 7.01 ± 0.1 n.d. –
Feox (g kg−1) 4.8 ± 0.4 2.4 ± 0.9 –
Mnox (g kg−1) 0.2 ± 0.0 0.1 ± 0.0 –
CEC (meq 100 g−1 soil) 21 23 –
Exchangeable NH4

+

(mg kg−1)
14± 3 4.5 ± 0.5 –

Ca-lac (mg kg−1) 1807 ± 56 n.d. 400
K-lac (mg kg−1) 26 ± 1 n.d. 47
Mg-lac (mg kg−1) 574 ± 19 n.d. 60
Na-lac (mg kg−1) 111 ± 6 n.d. –
P-lac (mg kg−1) 18 ± 2 n.d. –
Si-lac (mg kg−1) 51 ± 2.5 n.d. –
Mo-lac (mg kg−1) 0.1 ± 0.0 n.d. 0.1
Cu-DTPA (mg kg−1) 1.65 ± 0.02 n.d. 0.2
Fe-DTPA (mg kg−1) 161 ± 6 n.d. 4.0
Mn-DTPA (mg kg−1) 60 ± 6 n.d. 1.0
Zn-DTPA (mg kg−1) 0.5 ± 0.05 n.d. 0.6
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electrode (HACH sensION™+pH1, USA) in the soil to depth of 2–4 cm.

2.4. Collection and analysis of soil solution to monitor dissolved C, Fe and
Mn

Besides O2, the contents and form of other inorganic oxidants (e.g.

NO3
−, Mn4+, Fe3+, SO4

2− and CO2) determines their sequential or
simultaneous contribution to the oxidation of OM after flooding (Gao
et al., 2002; Mansfeldt, 2004; Hou et al., 2000). Occurrence of main soil
reductive processes was quantified through monitoring of pore water
Mn and Fe levels, and CH4 efflux. To monitor dissolved C and occur-
rence of reductive dissolution of Fe and Mn, soil solution was sampled

Fig. 1. Seasonal changes of (a, b) rainfall (bar graph), air (dotted blue line) and soil temperature (solid lines), (c, d) WFPS% under water-saving irrigation man-
agement, and (e) flooded (blue zone), non-flooded (white zone) period with down arrows indicate urea top-dressed. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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regularly with Macro Rhizon soil moisture samplers (RSMS) (Rhizo-
sphere Research Products, The Netherlands). Each macro RSMS was
outfitted with a 9 cm long and 4.5 mm outer diameter porous part (pore
size: 0.15 μm). Macro RSMSs were installed permanently at 5.5, 12.5
and 17.5 cm depth in 2 of the three replicate plots for each of the 2 N
levels× 3 irrigation managements combinations, i.e. summing up to 36
RSMSs. Soil solution was then extracted at regular interval by con-
necting a vacuumed isoprene latex 30 or 60ml syringe with luer-lock
fitted PVC/PE extension tubing connected to the RSMS (Appendix Fig.
A.1.2d). Luer-locks were closed again immediately after sampling to
avoid air entering the RSMS. A portion of the soil solution was trans-
ferred into 16.2 mg K3EDTA-coated 9ml plastic vacuum vials (Vacutest
Kimasrl: Arzergrande (PD), Italy) by piercing the vial’s septum with a
needle connected to the syringe. The EDTA coating prevented re-pre-
cipitation of Fe and Mn from the sampled solutions. Simultaneously, the
remaining soil solution was transferred into uncoated 9ml vacuum vials
(Vacutest Kimasrl, Italy) and stored (at −20 °C) for later analysis of
dissolved C. Soil pore solutions were analyzed for their Fe and Mn
contents by ICP-OES on a radial plasma iCAP6300 spectrometer
(Thermo Scientific, US). At near neutral pH practically any dissolved Fe
and Mn exists as Fe2+ and Mn2+ and can be considered to equal total
measured Fe and Mn in the soil solution samples. Total dissolved C
contents were determined with a Shimadzu TOC-VCPN-analyzer (Shi-
madzu Corporation, Kyoto, Japan).

2.5. Soil and plant sampling for mineral N analysis

To follow-up the evolution of soil mineral N (NH4
+-N and NO3

−-N),
soil was sampled 2–3 cm close to rice hills by a steel auger (2.5 cm inner
diameter) at regular intervals (0, 6, 13, 21, 28, 43, 52, 62, 70, 77, 84, 89
and 127 DAT) until 89 DAT in AWD and CF plots, and up to 127 DAT in
DSR plots. Separate samples were collected from the puddle layer
(0–15 cm) and plough pan (15–21 cm). Soils were immediately trans-
ported to the laboratory and stored in the freezer at −20 °C for later
extraction. Fifteen g homogenized moist soil slurry (equivalent to about
10 g dry soil) was extracted for 1 h in Erlenmeyers on a shaker with
0.01M CaCl2 at a 1:10 soil:extractant ratio. Filtered (Whatman no. 5)
extracts were frozen (−20° C) until later analysis of NH4

+-N and NO3
−-

N with a continuous-flow auto-analyzer (Skalar, The Nederlands).
Simultaneous to soil sampling, rice plants of 3 to 4 hills plot−1 were dug
out on 0, 13, 28, 43, 62, 70 and 89 DAT in AWD and CF plots, and at the
time points of 62, 70, 84, 89 and 127 DAT in the DSR plots. Soil slurry
surrounding roots was gently removed by washing with tap water and
then distilled water. Plants were then oven-dried at 70 °C for 72 h, and
the mass of shoots and roots were recorded separately per plot. The
dried plant materials were ground and analyzed for their total C and N
contents by means of a TruMac CNS analyzer (LECO). The net mineral
N content in soil (mg kg−1) and plant N uptake (by measuring N se-
parately in above- and below-ground parts from dug out plants) were
recalculated into mg N kg−1 soil and then summed. A zero-order kinetic
model was then fitted to the evolution of N buildup soil (mineral N) and
plant N (N(t)) with time: N(t)=N0+ k*t, where t is the time (in days),
N0 the initial amount of mineral N and k is the zero-order mineraliza-
tion rate.

2.6. Assessment of total C mineralization via headspace CO2 and CH4

analysis

To assess the progression of soil C mineralization, CO2 and CH4

emissions were determined by the closed-chamber method (Appendix
Fig. A.1.2e) on all 18 plots generally on 0, 6, 13, 21, 28, 33, 43, 46, 52,
62, 70, 77 and 84 DAT. The intent of CH4 and CO2 emission monitoring
was to measure of how irrigation and fertilizer application management
impacted biological activity in the soil. In addition soil N2O emissions
were assessed simultaneously. Because of the ethereal nature of N2O
emissions, a higher measuring frequency is required to robustly monitor

seasonal N2O emissions. We therefore consider recorded N2O-emissions
just indicative of occurrence of soil denitrification and its order of
magnitude and data are supplied in the Supplementary material
(Appendix Fig. A.3.1). Each glass closed-chamber consisted of a
100 cm×50.5 cm×30.2 cm chest covering 6 hills plot−1 and was
outfitted with a septum, two battery-operated (12 V) circulating fans to
homogenize inner atmosphere and a thermometer on the top to record
temperature inside the chamber during sampling. Gas sampling was
performed weekly with extra samplings a day after N fertilizer top-
dressings. To collect gas samples, a sampling chamber was placed and
the bottom was sealed either by water or by saturated mud layer. Gas
samples were drawn from the headspace after 0, 15 and 30min by
connecting 12ml pre-evacuated glass vials (Exetainers®, Labco Limited
Lampeter UK: 738W). The gas samples were analyzed for CH4 content
by injecting a 0.5ml sample in a Thermo-Fisher Trace Ultra GC
(Thermo Electron Corporation, US) equipped with packed columns and
a FID. The CO2 and N2O concentrations were analyzed by separately
injecting 0.5ml sample in another Trace Ultra GC equipped with a TCD
for CO2 and an ECD for N2O. Gas standards were used to establish a
linear calibration curve with each sample batch. The mass-based con-
tent of CH4, CO2 and N2O (mg chamber−1) emission was calculated by
the ideal gas law. C-Emission rates (mgm−2 h−1) were obtained by a
linear equation between gas concentration and sampling time. For the
DSR treatments a first-order model was fitted to cumulatively evolved
C-emissions (in kg CO2-C+CH4-C emission ha−1), while for the AWD
and CF a parallel first- and zero- order kinetic model (Sleutel et al.,
2005) used instead.

2.7. Statistical analysis

Statistical tests were performed with IBM SPSS statistics 23.0 (SPSS
Inc., USA). Two-way ANOVA (N-fertilizer treatment× irrigation man-
agement) was carried out per sampling event to detect differences in
mineral N build-up in soil and plant, Fe, Mn and dissolved C in solution.
One-way ANOVA was also performed to detect differences in mineral N
build-up in soil and plant at harvest, grain yields and seasonal C
emission. Linear and non-linear regression was used to model the net
mineral N evolution in soil and plant, and cumulative C emission with
time.

3. Results

3.1. Seasonal changes of rainfall, air and soil temperature, and percent
water filled pore space

During the whole growing period of rice, rainfall amounted to
200mm with intense precipitation between 61 and 84 DAT (March 30
to April 22, 2015) (Fig. 1a). The daily mean air temperature gradually
increased from about 17 to 31 °C over the growing season (Fig. 1a). Soil
temperature followed a similar evolution with comparable daily var-
iation at 8 cm depth, while diurnal fluctuation was absent at 28 cm
depth. Soil temperature at 8 cm depth ranged from 16 to 31, 16 to 28
and 16 to 27 °C in the DSR, AWD and CF water regimes, respectively
(Fig. 1a and b), i.e. with generally limited impact of irrigation man-
agement. At 28 cm soil depth temperature varied from 19 to 28 °C,
across all treatments.

Measured θv in the puddle layer (5.5 and 12.5 cm) ranged from field
capacity to saturation, i.e. between 0.45-0.57 and 0.48-0.61m3m−3 in
N120-AWD and N120-DSR plots, respectively (data not shown).
Throughout the season N120-DSR plots’ WFPS fluctuated from 81 to
100, 69–100 and 61–100%, with seasonal averages of 94, 95 and 98%
at 5.5, 12.5 and 17.5 cm depth, respectively. In the N120-AWD plots
these WFPS ranges were 78–100, 84–100, 75–100 and 100-100% at 5.5,
12.5, 17.5 and 28 cm depth, respectively with seasonal averages of 96,
98, 99 and 100%. These observations indicate somewhat wetter soil
conditions in the AWD than in the DSR plots, especially at 17.5 cm
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depth, while under DSR the extent of periodic soil drying was larger.
Consecutive drying-re-flooding events were more frequent in the
puddle layer (5.5 and 12.5 cm) than in the underlying plough pan and
subsoil (Fig. 1c and d). Some very short-lived peaks (27, 61 DAT) in the
DSR soil’s moisture tension were observed at 17.5 cm depth coincided
with subsoil drying and more frequent Eh readings did further indicate
rises to oxic ranges (Fig. 2a), though the validity of the measurements
were not beyond question.

3.2. Seasonal variations in soil pH and depth-distributed soil redox potential
(Eh)

Throughout the season, soil pH remained at near-neutral ranges of
6.7–7.4 in CF and 6.9–7.8 in AWD, and very similar in N0 and N120

treatments (Fig. 2c and b). Topsoil pH was slightly more alkaline under
DSR, ranging from 7.1–8.1 (Fig. 2a). Water management markedly
impacted evolution of soil Eh at different depths (Fig. 2). In DSR plots,
the Eh in all soil depths stayed at or above∼+300mV during most of
the growing season and suddenly decreased towards −200mV in re-
sponse to irrigation events at 28, 45 and 62 DAT (Fig. 2a). Under AWD
and CF the initial Eh of +700mV dropped within three weeks to almost
−200mV at all depths and these reductive conditions lasted in case of
CF and at 30.5 cm in case of AWD until 75 and 72 DAT, respectively.
Under AWD, Eh increased rapidly to about +200mV during corre-
sponding drainage episodes (26–32, 39–43 and 49–52 DAT) at 5.5 cm
and to a lesser extent at 12.5 cm and sometimes at 20.5 cm depth, but
also quickly decreased to ≤–200mV upon re-flooding. Hence com-
pared to DSR, the response of Eh to drying-rewetting was smaller under
AWD but more dissimilar for different soil depths and responses to
drainage events were largely restricted to the puddle layer.

3.3. Seasonal evolutions of depth distributed soil solution Fe and Mn

Overall, soil solution Fe and Mn concentrations (mg l−1) at three
different depths for both N0 and N120 treatments increased continuously
across the season, but more under AWD and CF (Fig. 3). Levels of so-
lution Fe and Mn lowered with depth in all N-fertilization and water
management combinations. Except at 12.5 cm depth under N0-CF, Fe
levels exceeded Mn levels in the puddle layer, whereas the inverse was
true for the plough pan (17.5 cm depth). Irrespective of N fertilizer
application, Fe and Mn concentrations were negligible (0 to≤1mg l−1)
in DSR plots until 52 DAT, after which they slightly increased. Linear
release rates of solution Fe and Mn were 0.1-0.3 mg Fe l−1 d−1 (R2: 0.6
to 0.9) and 0.04-0.09mg Mn l−1 d−1 (R2: 0.5 to 0.9) in the AWD and CF
puddle layer (5.5 and 12.5 cm). At 17.5 cm the release rates of Fe and
Mn were much lower: 0.004-0.01 mg Fe l−1 d−1 (R2: ≥0.8 except for
N120-CF) and 0.01-0.02mg Mn l−1 d−1 (R2: 0.4 to 0.8). Generally N-
fertilizer application did not seem to have pronounced control on
evolution of soil solution Fe and Mn under AWD or CF, an exception
being lowered Fe levels at 12.5 cm in case of N0-CF than in N120-CF
(Fig. 3c and f).

3.4. Seasonal patterns of gaseous C (CO2-C+CH4-C) emissions and soil
solution dissolved C

Methane and total CO2 emissions were measured in all three irri-
gation managements as a measure of soil biological activity.
Irrespective of N fertilizer application, the CH4 effluxes from AWD and
CF plots rose throughout the monitoring period and were minor (0
to≤ 4mgm−2 h−1) in case of DSR (Fig. 4). AWD events caused large
fluctuations in CH4 emission between 28 and 52 DAT. Mean CH4

emission rates mostly did not differ between N0 and N120, but were
significantly greater in case of N0-CF compared to N120-CF between 70
and 84 DAT (p < 0.05). Significantly higher cumulative seasonal CH4

emissions (kg ha−1) were observed from plots under CF (275 in N120

and 388 in N0) than under AWD (164 in N120 and 179 in N0) and DSR

Fig. 2. Seasonal changes of soil redox potential (Eh) and pH under different
irrigation management with (N120) or without (N0) N-fertilizer application
(vertical bars indicate standard errors around means, n= 3).
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(14 in N0 and 23 in N120) management (p < 0.01).
CO2 efflux dominated the total gaseous C (CO2-C+CH4-C) emis-

sions from the DSR and AWD treatments (Fig. 5), but was subordinate
to CH4 efflux in the CF treatment. Except for N0-CF (R2=0.80), first-
order (R2≥ 0.95, DSR) or parallel first- and zero- order kinetic models
(AWD and CF, R2 > 0.98) fitted well to the cumulative CO2-C+CH4-C
emission data (Fig. 5). The mean rate of CO2-C+CH4-C emission
(in kg ha−1 d−1) was significantly greater under DSR than under AWD

and CF (p < 0.01) and there was no effect of N-application.
Soil solution dissolved C followed remarkably similar temporal

patterns among the three considered soil depths in all treatments
(Fig. 6). Overall, the temporal patterns in dissolved C were almost
identical for the AWD and CF water managements, particularly between
6 and 84 DAT (Fig. 6b and c). Dissolved C varied from 120–196mg C
l−1 on 6 DAT and increased gradually till 199–254mg C l−1 on 84 DAT.
In the case of DSR, initially higher (184–439mg l−1) dissolved C levels

Fig. 3. Seasonal changes of (a, b, c) Fe, and (d, e, f) Mn in soil solution at different depths and irrigation management with (N120) or without (N0) N-fertilizer
application (vertical bars indicate standard errors around means, n= 2).

Fig. 4. Seasonal variations in CH4 emissions under different irrigation man-
agement with (N120) or without (N0) N-fertilizer application (vertical bars in-
dicate standard errors around means, n=3).

Fig. 5. Seasonal variations in observed and predicted (N0 Fitted: − − − − −
and N120 Fitted: − · − · −) cumulative C emission (CO2-C+CH4-C) under
different irrigation management and N-fertilizer application combinations
(vertical bars indicate standard errors around means, n=3).
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declined rapidly within 13 DAT till 107–136mg C l−1, and stabilized
(Fig. 6a).

3.5. Seasonal patterns of soil mineral N (NO3
−- and NH4

+-N) evolution

The initial exchangeable N content in AWD and CF plots was 14mg
NH4

+-N kg−1 (Table 1 and Fig. 7.). Higher contents with a substantial
part as NO3

− were present in DSR plots due to earlier irrigation and
urea application. Evolutions throughout the season were influenced by
irrigation management (Fig. 7). Under DSR the soil NH4

+-N remained
at 4–15mg kg−1, while soil NO3

−-N content declined from 13 to
23mg kg−1 to 0.1–4mg kg−1 after one week (Fig. 7a). During the first
13 DAT soil NH4

+-N remained at higher levels of 14–23 and
14–31mg kg−1 under AWD and CF, respectively and then lowered to
3–21 and 5–17mg kg−1 (Fig. 7a and b) between 21 and 84 DAT. Soil
NO3

−-N contents were mostly negligible (∼0mg kg−1), aside from
minor NO3

−-N peaks (0.1–0.8 mg kg−1) in case of AWD.

3.6. Seasonal evolutions of soil mineral N (NO3
− and NH4

+-N) and N
taken up by the rice plant

Both irrigation and N management impacted the seasonal rate of net
soil N-supply, quantified here as the sum of N taken up by the rice
plants and build-up of soil mineral N (NO3

− and NH4
+-N) (Fig. 8). The

rice N-uptake predominantly shaped the total soil plus plant mineral N
build-up. Considerable plant N-uptake started primarily after 28 DAT in
case of AWD and CF, and was delayed until 62 DAT under DSR. In case
of N0 and N120 treatments, total N uptake (at harvest) was significantly
greater under AWD and CF than DSR, and the contents were identical
for AWD and CF (Table 3) (p < 0.01). Soil plus plant mineral N build

up were significantly greater under AWD and CF compared to DSR and
no differences existed between AWD and CF (p < 0.05). Nitrogen
fertilizer application (N120) enhanced total N build-up in soil and plant
at most points in time, with significantly higher values (p < 0.01)
compared to N0 between 62 and 89 DAT in the case of AWD and CF,
and between 70 and 127 DAT in case of DSR. The final (at harvest) total
mineral N build up in plant and soil (in mg kg−1) were in the order:
N120CF (54)=N120-AWD (51) > N120-DSR (41) > N0-AWD
(28)=N0-CF (25)=N0-DSR (22) (p < 0.01). The grain yield (in t
ha−1 at oven dry basis) in N120-CF (4.8 ± 0.2) and N0-CF (1.6 ± 0.05)
were statistically identical with those in N120-AWD (4.1 ± 0.1) and N0-
AWD (1.6 ± 0.09), but significantly greater than in N120-DSR
(3.3 ± 0.4) and N0-DSR (1.4 ± 0.01) (p < 0.05) (Table 3). The at-
tained grain yields were statistically similar in N120-AWD and N120-
DSR, but significantly lower in N0-DSR than N0-AWD (p < 0.05).

4. Discussion

4.1. Influence of irrigation scheme on soil reduction, microbial activity and
environmental drivers

Between rice transplanting and heading there was limited input of
water from precipitation (only 23mm) and so we expected a pro-
nounced impact of irrigation system on depth profiles of soil moisture,
Eh, and necessity for reduction of soil oxidants to support microbial
activity. Measured moisture contents (m3m−3) fluctuated mostly only
in the puddle layer, ranging from field capacity to saturation. A first
observation is that with both water-saving options (AWD and DSR), soil
drying was relatively limited and near saturated soil conditions mostly
persisted. A second observation is that soil drying remained shallow, as

Fig. 6. Seasonal variations in dissolved C in soil solution at different depths under different irrigation management with (N120) or without (N0) N-fertilization
(vertical bars indicate standard errors around means, n= 2).

Fig. 7. Seasonal variations of paddy soil puddle layer NH4
+-N and NO3

−-N under different irrigation management and N-fertilizer application combinations (vertical
bars indicate standard errors around means, n=3).
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in the plough pan unsaturated conditions occurred only trice under
AWD, and eight times under DSR, comparable to an experiment by Xu
et al. (2013) with 11 wet-dry cycles where WFPS cycled between 60
and 100%.

Regardless of N fertilizer application and water management, much
greater dissolution of Fe and Mn occurred at 5.5 and 12.5 cm depths
than in the underlying plough pan at 17.5 cm depth, pointing out
stronger microbial activity in the puddle layer. As expected, the overall
concentrations of Fe (0–35mg l−1) exceeded those of Mn (0–10mg l−1)
at 5 and 12.5 cm depths in all water regimes, indicating Fe reduction to
be the dominant electron accepting process (Yao and Conrad, 2000) to
support SOM decomposition in the puddle layer. However, on the op-
posite more Mn than Fe occurred in solution at 17.5 cm depth, likely
because preferential Mn reduction sufficed to maintain the more lim-
ited anaerobic microbial activity.

4.1.1. Alternate wetting and drying (AWD)
An initial rapid decline of soil Eh till −200mV in both AWD and CF

fields at all depths likely resulted from fast microbial consumption of
existing easily degradable C (Munch et al., 1978) and quick depletion of
O2 and NO3

− (Pan et al., 2014; Ponnamperuma, 1972). Typical
alongside rises in solution Fe and Mn in the puddle layer in case of CF
and AWD most likely stem from reductive dissolution of Fe- and Mn-
(hydr-)oxides under anoxic conditions (Pan et al., 2016; Said-Pullicino
et al., 2016). This is supported by negative correlations between solu-
tion Fe and Mn and Eh at different depths, and positive correlations of
solution Fe with soil temperature (r= 0.66 to 0.90; p < 0.05) and
dissolved C concentrations (r= 0.38 to 0.91; p < 0.05 for most cases,
Table 2). But also later in the growing season, Eh also dropped quickly
to ∼−200mV even within a day after re-flooding events in AWD, as
also seen by Minamikawa and Sakai (2005), but in contrast with a two-

year monitoring of an Italian AWD-managed paddy field by Said-
Pullicino et al. (2016). High dissolved C levels (> 5mg dissolved C g−1

SOC) were recorded throughout (Fig. 6) and this may have fueled rapid
microbial activity and excess e−-donation. The confinement of AWD’s
impact on volumetric moisture content of the puddle layer also resulted
in but shallow effects on soil Eh and pH (Fig. 2). The only occasional
rise in Eh at 20.5 cm depth and continuously low Eh at 30.5 cm
(∼ –200mV) confirm that AWD management primarily only lifted soil
reductive conditions in the puddle layer. The temporary AWD caused
soil drying between 28 and 58 DAT caused Eh to fluctuate between
+200 to −200mV though at decreasing amplitude with depth, while
in contrast Eh remained very low under CF. Soil drying usually causes
re-oxidation of dissolved Fe2+ to Fe3+-oxides and precipitation of
Mn2+ to MnO2 (Pan et al., 2014; Ponnamperuma, 1972) in flooded
paddy soil. But any observable rises in Eh were in fact accompanied by
only relatively minor lowering of solution Fe and Mn and furthermore
at 5.5 cm depth only on 33, 43 and 52 DAT. But temporal rises in topsoil
Eh under AWD were sufficient to induce temporary lowered CH4 ef-
fluxes, and both were negatively correlated (r=−0.13 to −0.81; p:
0.001 to 0.67) (Figs. 1d, 2b and 4). As a consequence, seasonal CH4

effluxes in case of AWD were 47% lower compared to CF (p < 0.01) in
line with 45% reduction under intermittent flooding (Yagi et al., 1996)
and 36% with Eh-control irrigation (>−150mV) (Minamikawa and
Sakai, 2006). Levels in dissolved C were equal under AWD and CF,
while in contrast, Said-Pullicino et al. (2016) found dissolved organic C
levels to be clearly influenced by water regime. It thus appears that the
high dissolved C provision was not limiting methanogenesis and rather
frequency of low Eh, prerequisite for methanogenesis (Cai et al., 2003)
(Figs. 2 and 4), controlled CH4 efflux and explains the influence of ir-
rigation management thereupon.

Generally, soil solution Fe and Mn concentrations were greater in

Fig. 8. Seasonal variations in N-build up together in soil mineral N and plant biomass N for different irrigation management and N-fertilizer application combinations
(vertical bars indicate standard errors around means, n= 3).

Table 3
Paddy rice grain yield, total biomass yield (oven dry basis) and N uptake (means ± standard error, n= 3), N recovery efficiency and amount of water applied under
different irrigation management during dry season, 2015 in Bangladesh.

Treatment Grain yield Total biomass N uptake N recovery efficiency Water applied (L ha−1)

(t ha−1) (t ha−1) (kg ha−1) (%) Irrigation Rainfall

DSR N0 1.4 ± 0.01ba 2.9 ± 0.06 21 ± 1.7ba 25 2371000 2220000
N120 3.3 ± 0.37bb 7.4 ± 0.72 53 ± 3.8bb

AWD N0 1.6 ± 0.09aa 3.9 ± 0.12 34 ± 1.3aa 32 5211000
N120 4.1 ± 0.09abb 8.9 ± 0.29 71 ± 3.3ab

CF N0 1.6 ± 0.05aa 3.6 ± 0.16 32 ± 1.8aa 42 6192000
N120 4.8 ± 0.15ab 9.4 ± 0.24 81 ± 0.6ab

a and b Mean values of water management treatments that statistically differ are followed by different lowercase letters within either unfertilized (p < 0.05) or N
fertilized (p < 0.01) factor combinations.
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case of CF than under AWD. Fe and Mn levels were mostly lower at 12.5
than at 5.5 cm depth in CF and AWD plots. For AWD this depth gradient
was reverse to expectation, as the more frequent and pronounced soil
drying and lifting of Eh at 5.5 cm depth was thought to limit reductive
dissolution of Fe and Mn. Apparently, regardless of mostly shallow
AWD drying events, anaerobic microbial activity and Fe and Mn re-
duction still digresses with depth even within the puddle layer. Also
methanogenesis was likely limited underneath the puddle layer as CH4-
emissions were much lowered by AWD compared to CF in spite of an-
oxic condition. These observations of a moderate depth differentiation
in soil reductive processes with irrigation management could be useful
for validation of biogeochemical computer models like DNDC. AWD
caused soil drying stimulated CO2 release relative to from CF plots, as
also found by Liu et al. (2013) and Yang et al. (2017). Under AWD the
contribution of CO2-C to total C emission was consequently much
higher (60%) than under CF (17%). Strikingly though, cumulative CH4-
C+CO2-C-emission did not differ between CF and AWD. Apparently,
introduction of AWD just changed the frequency of anaerobic and
aerobic microbial activity but with likely no net larger seasonal total
soil C mineralization (Fig. 5). Lastly, it is noteworthy that regardless of
irrigation management soil temperature increased by as much as 8 °C
between January and March (Fig. 1a and b). This trend is typical for the
Boro season and could have driven the monotonous rise of dissolved Fe
and Mn and CH4 emissions. The latter indeed correlated positively with
soil temperature for all CF and AWD treatments (r= 0.66 to 0.81;
p < 0.05). The climatic control on activity of methanogenic micro-
biota could be both directly, or indirectly through temperature driven
enhanced substrate availability. Summed CH4-C+CO2-C-emission
rates (Fig. 5) did remain quite constant all over the Boro season. Hence
we found no indication that a re-initialization of increases in solution Fe
and Mn (± from 55 DAT onwards) was caused by late-season changes
peaks in microbial activity (Figs. 3 and 4).

4.1.2. Direct seeded rice (DSR)
Temporal patterns in soil Eh remained quite similar between depths

in case of DSR, but in contrast to AWD, DSR’s impact on Eh extended
down into the underlying plough pan and was also much more pro-
nounced. Several temporary rises of Eh till +600mV for 2–6 days till
30.5 cm depth demonstrate occurrence of aerobic conditions even in

the plough pan. Eh remained above +300mV during the larger part of
the growing season and should have limited anaerobic microbial ac-
tivity. This was confirmed by minor CH4 effluxes (0 to≤4mgm−2 h−1)
and solution Fe and Mn concentrations (0 to ≤3mg l−1). Seasonal total
CO2-C+CH4-C emissions were, however, strikingly much higher (more
than double) under DSR (p < 0.01) than CF and AWD (Fig. 5), in line
with observations by Ma et al. (2017). Slower and incomplete de-
gradation of SOM in submerged soils logically explains these differences
(Devevre and Horwath, 2000). In line, lower dissolved C concentrations
under DSR relative to AWD and CF are probably explained by fast de-
gradation of intermediate metabolites that otherwise accumulate under
anoxic conditions (Hanke et al., 2013). But alternatively, near absence
of reductive Fe and Mn dissolution with DSR management as well
probably lead to nearly no co-release of C bound to Fe- and Mn- (hydr-)
oxides, at least until 56DAS. From then on Mn reduction started, pos-
sibly caused by unusual intensive precipitation and dropping of Eh later
on in the Boro season (Fig. 2). Given the nearly doubled net gaseous C-
fluxes compared to CF, across several years, adoption of DSR may lead
to a loss of soil C.

4.2. Influence of N fertilizer application on soil reduction, microbial activity
and environmental drivers

Compared to irrigation scheme N fertilizer application had a sub-
ordinate impact on evolution of moisture, Eh and solution Fe and Mn.
More dissolution of Fe levels at 12.5 cm depth in N120-CF than N0-CF
plots likely resulted from a N-application caused increase in microbial
activity, indicated by higher C emissions (Fig. 5.). This stimulation was
probably driven by enhanced crop growth (+3–6 t ha−1 more biomass
yield) and root exudation (+0.5 t ha−1 more root yield) from 62 to 89
DAT (Table 3) in the N-fertilized plots. However, N-application to AWD
plots on the contrary lowered Mn and Fe levels during transition from
the vegetative to reproductive phase (52–70 DAT). Since root growth
was substantially greater (+0.49 t ha−1 on 70 DAT) with N-application
and so enhanced transport of O2 to the rhizosphere might have re-
stricted Fe and Mn-reduction, in line with Haque et al. (2015) and
Haque et al. (2016).

Nitrogen fertilizer application to CF and AWD plots did not affect
seasonal CO2+CH4-C emission, in line with Zheng et al. (2007) and

Table 2
Pearson correlations coefficient between CH4 efflux, solution Fe and dissolved C.

Treatment Dissolved C 5 cm (mg l−1) Dissolved C 12.5 cm (mg l−1) Dissolved C 17.5 cm (mg l−1) CH4 efflux (mgm−2 h−1)

N0CF Fe: 5 cm (mg l−1) 0.68*a 0.88** 0.22 0.82**

Fe: 12.5 cm (mg l−1) 0.61* 0.87** 0.37 0.89**

Fe: 17.5 cm (mg l−1) 0.78** 0.86** 0.33 0.64*

CH4 efflux (mgm−2 h−1) 0.40 0.80** 0.20 1
N120CF Fe: 5 cm (mg l−1) 0.66* 0.38 −0.067 0.76**

Fe: 12.5 cm (mg l−1) 0.63* 0.38 0.03 0.87**

Fe: 17.5 cm (mg l−1) 0.04 −0.06 −0.46 0.31
CH4 efflux (mgm−2 h−1) 0.50 0.24 −0.17 1

N0AWD Fe: 5 cm (mg l−1) 0.79** 0.55 0.75** 0.89**

Fe: 12.5 cm (mg l−1) 0.81** 0.56 0.75** 0.92**

Fe: 17.5 cm (mg l−1) 0.81** 0.59 0.67* 0.81**

CH4 efflux (mgm−2 h−1) 0.77** 0.36 0.60 1
N120AWD Fe: 5 cm (mg l−1) 0.91** 0.46 0.09 0.95**

Fe: 12.5 cm (mg l−1) 0.86** 0.62* 0.11 0.91**

Fe: 17.5 cm (mg l−1) 0.87** 0.51 0.07 0.94**

CH4 efflux (mgm−2 h−1) 0.83** 0.5 −0.03 1
N0DSR Fe: 5 cm (mg l−1) −0.08 0.50 0.00 0.95**

Fe: 12.5 cm (mg l−1) −0.06 0.53 0.03 0.94**

Fe: 17.5 cm (mg l−1) −0.10 0.40 0.01 0.89**

CH4 efflux (mgm−2 h−1) −0.14 0.50 −0.05 1
N120DSR Fe: 5 cm (mg l−1) 0.06 0.01 −0.06 0.87**

Fe: 12.5 cm (mg l−1) 0.06 0.09 −0.16 0.92**

Fe: 17.5 cm (mg l−1) −0.09 −0.06 −0.15 0.75**

CH4 efflux (mgm−2 h−1) 0.11 0.13 −0.07 1

a *Significant at the 0.05 level; **Significant at the 0.01 level.
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the rather comparable patterns in Fe, Mn, dissolved C and Eh without
N-fertilization. Under DSR, N-fertilizer application strikingly reduced C-
emissions (p < 0.05) (N120-DSR vs. N0-DSR), maybe because a higher
N availability to soil microbes (Chen et al., 2014) then limited extra-
cellular enzymatic activity and coupled decomposition of SOM (Cheng-
Fang et al., 2012). Also, the overall CH4 efflux decreased by 29% in
N120-CF and 8% in N120-AWD compared to N0 counterpart treatments,
much like Cai et al. (1997) found. In case of CF, greater effluxes be-
tween 70 and 84 DAT caused the total higher CH4 emission from the N0-
CF plots, possibly due to depletion of soil NH4

+ at the growing season’s
end, limiting activity of methanotrophs (Cai et al., 1997; Sun et al.,
2016). Soil NH4

+-N levels were, however, not lower in N0-CF than in
N120-CF plots (see 4.3), but conditions in the rhizosphere may have
differed strongly from our bulk soil measurements.

4.3. Seasonal dynamics of soil mineral N, and mineral N build up in soil
and plant as influenced by irrigation, N fertilizer and relevant soil
physicochemical properties

Water management may impact a number of N transformation
processes including gaseous N losses by volatilization and nitrification-
denitrification, immobilization, plant N-uptake, clay interlayer fixation,
and leaching (Craswell and Vlek, 1983; Li et al., 2015; Said-Pullicino
et al., 2014). This field experiment was designed to follow-up the course
of plant-available N in soil, and N taken up by plants, and N was ex-
pected to derive mainly from net soil organic N mineralization and
fertilizer urea-N hydrolysis.

4.3.1. Direct seeded rice (DSR) vs. transplanted rice
Over the growing season, puddle layer (0–15 cm) NH4

+- and NO3
−-

N contents did not differ greatly between AWD and CF, analogous to
findings by Dong et al. (2012) but patterns under DSR deviated (Fig. 7).
A first distinction was that only under DSR there was significant initial
formation of NO3

−-N (13–23mg kg−1), likely by nitrification given the
oxic Eh till 6 DAT. Soil NO3

−-N levels then quickly dropped to
0–4mg kg−1 at 13 DAT though plant N assimilation was lower under
DSR compared to AWD and CF until 62 DAT (1–3mg kg−1 N in only
0.1–0.2 t biomass ha−1). This failed crop establishment was due to a
mismatch of the BRRI Dhan28 rice cultivar and the relatively dry top-
soil conditions at time of seeding, while a variety suited to cooler
temperatures and drier soil would likely have fared better. Though
several N2O emission peaks were observed from both N0- and N120-DSR
plots with maximum efflux on 46 DAT (Appendix Fig. A.3.1), cumula-
tive N2O-N emission was only 1.3–2.0 kg ha−1 which equaled to
∼0.7–1.1mg kg−1. Hence N2O emission was not a significant N-re-
moval process. N2 emission peaks may have occurred but their detec-
tion in-situ is very challenging (Dong et al., 2012). Under DSR, the
prevailing puddle layer WFPS fluctuated between 81 and 100% and Eh
was mostly very positive, conditions under which complete deni-
trification or dissimilatory NO3

−-reduction to NH4
+ should have been

negligible. Instead, much NO3
−-N loss might have been caused by

leaching with percolated water after rewetting of the DSR plots (Tan
et al., 2013) but we did not quantify drainage. NO3 leaching was in
contrast probably negligible under both AWD and CF as firstly nearly
no NO3 was present and secondly Fe levels were very low at 17.5 cm
depth in spite of high upper soil layer levels demonstrating that there
was very little leaching. Given the nearly double C-emissions from the
DSR plots with yet limited crop growth until 62 DAT, a lower mineral N
build up compared to the AWD and CF plots might otherwise be logi-
cally caused by enhanced biotic N-immobilization. Lastly, reductive Fe
and Mn dissolution was much lower under DSR than CF and AWD and
so would any release of Fe-bound dissolved organic N but this was not
suggested from the comparable patterns total dissolved C (Fig. 6).

4.3.2. Alternate wetting and drying (AWD) vs. continuous flooding (CF)
Temporal evolutions of soil and plant N were remarkably similar in

AWD and CF managed plots. We discern two phases:
An overall rapid increase of soil NH4

+-N during first 13 DAT in both
AWD and CF plots stems likely from net N mineralization of initially
present labile OM (Ponnamperuma, 1972; Zhang and Scherer, 2000).
This initial peak was followed by a gradual decline of NH4

+-N levels till
42 DAT by about 10–15mg kg−1. Notable plant N uptake started only
from 28 DAT (2.6 to 4.0mg kg−1) and increased linearly until 70 DAT
(15 to 78mg kg−1). Development of the rooting system also mainly
commenced from 28 DAT (data not shown). This offset between plant N
uptake and lowering of soil mineral N matches with findings in a rice
pot-growth study using soil from a nearby paddy field (Sonatala-1)
(Akter et al., 2018). Parallel monitoring of exchangeable-N in un-
planted N0-CF plots (data not shown) confirmed a decline of about
10–20mgN kg−1 between 7 and 21 DAT, just like in the planted ex-
perimental plots. Hence, the plummeting of quickly accumulated top-
soil NH4

+-N in all CF and AWD plots is apparently general in North-
Bangladeshi paddy soils and suggests substantial transformations of
exchangeable NH4

+-N to occur after several weeks of submergence.
Firstly, we consider abiotic N-immobilization. In previous incuba-

tion experiments with four Bangladeshi paddy soils similar to the pre-
sent field, Akter et al. (2016) confirmed a consistent rise in non-ex-
changeable soil NH4

+ by as much as 75mg N kg−1 within 2–4 weeks
(approximately 120 kg N ha−1). Initial fixed NH4

+ of the present field
experiment’s soil was 200mgN kg−1 and it seems plausible that in the
AWD and CF plots abiotic fixation accounted for the 10–20mg N kg−1

drop in exchangeable NH4
+ between 14 and 28 DAT. These trends were

very clear in the same experimental plots amended with 120 kg N ha−1

in the 2014 growing season (Appendix Fig. A.3.2), confirming clay
interlayer-NH4

+ to act as an important dynamic reservoir of fertilizer-
derived NH4

+ in the early growing season, with defixation afterwards.
In support, reductive dissolution of Fe- and Mn-(hydr-)oxides occurred
concomitantly in the first weeks after submergence and this has been
thought to be a prerequisite for diffusion into otherwise partly shielded
clay interlayer space and subsequent NH4

+
fixation (Nieder et al.,

2011). Furthermore, temporary biogenic reduction of phyllosilicate
structural Fe3+ (Pentráková et al., 2013), would in addition raise the
negative charge of clays and thereby enhance NH4

+-fixation. Since Eh
was equally low and patterns in solution Fe and Mn comparable be-
tween CF and AWD in first weeks of the experiment, there is no reason
to assume that N-fixation would differ under both managements.

Secondly, gaseous N-emissions might partially explain early
growing season lowering of soil exchangeable-N. However, substantial
NH3-volatilization seems unlikely because soil pH rose to only ca. 6.7
after several DAT. At this pH and 30 °C, about 7.8% of dissolved NH4

+

is under the form of NH3 (or about 0.14mg NH3 l−1) which is still far
below the solubility maximum. Drying-rewetting cycles in AWD tem-
porarily raised topsoil Eh to ∼+200mV (Fig. 2b), but as under DSR,
N2O-N losses were again relatively minor (0.4–1.3 kg ha−1, Fig. A.3.1).
Even if possible N2 losses were several times multifold, denitrification-
related N emissions could have caused only a fraction of the 10–20mg
NH4

+-N kg−1 loss between 14 and 42 DAT.
Lastly, biotic N-immobilization seems another plausible explanation

for initial drops in soil exchangeable N under CF and AWD. Cucu et al.
(2014) reported immediate, by both biotic and abiotic immobilization
of about half of applied fertilizer N in incubated Italian paddy soils, the
greater part of which was released later on again. Analogously, biotic
immobilization could explain in part why 120 kg urea-N amendment
was followed by but a small rise in exchangeable NH4

+ (Fig. 7).
However, there is no reason to assume that after two weeks of intense
net biotic N-release, suddenly microbial metabolism becomes N-limited
resulting in N-immobilization between 14 and 28 DAT.

From 28 DAT onwards soil NH4
+-N levels remained more or less

similar in both N0- and N120- AWD and CF treatments and this is likely
explained by vigorous plant N-uptake as almost 80 to 90% of total N
uptake occurred between 28 and 70 DAT. Inorganic N losses by biolo-
gical oxidation of NH4

+ to N2O, by Fe3+ or SO4
2− or reduction of
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nitrite to N2O by Fe2+ or elemental S (Wang et al., 2017) might have
also taken place given the ambient low Eh and substantial release of Fe
in soil solution. We expect less Fe or S-reduction coupled NH4

+-oxi-
dation around 62DAT in case of AWD because of rises in soil Eh at 5 and
12.5 cm depth to about +100mV. In line soil NH4

+-N levels were then
also higher under AWD than CF. From 28 DAT onwards plant N uptake
competed with other N transformation processes (Craswell and Vlek,
1983; Dong et. al., 2012) and so summed amounts of soil exchangeable
N and plant N at different growth stages approximated net soil N supply
(Fig. 8). The limitedness of differences in here investigated indicators of
microbial activity and reductive processes between AWD and CF con-
nect with also almost identical patterns of total soil plus plant mineral
N. For instance, drainage in AWD during 28 to 52 DAT was insufficient
to establish oxic soil conditions as Eh did not rise above∼+230mV
(Fig. 2b). It is then not surprising that AWD drainage did not impact N
cycling compared to CF. The instead clearly deviating patterns of Eh,
WFPS%, evolutions of dissolved C, Fe and Mn under DSR compared to
AWD and CF were accompanied by lower release of mineral N (see
Section 3.6), and as discussed earlier, despite much larger C-emissions.
The question emerges if less buildup of soil mineral N+ plant N under
DSR resulted from a lower N requirement by the rice crop that was
clearly limited in its growth or if instead N-supply was limiting crop
growth or a combination of both.

4.3.3. Grain yield, fertilizer N-use efficiency and irrigation water use
This field experiment confirmed the previously reported absence of

soil (exchangeable) mineral N build-up with N fertilizer application. We
hypothesize both abiotic and biotic immobilization mainly lead to fast
N-removal. A dynamic equilibrium between ‘fixed’ NH4

+, microbially
‘immobilized’ N and mineral N then implies that measures derived from
monitoring of soil (exchangeable) mineral N do not well represent the
actual plant-available mineral N pool. Despite resembling soil NH4

+

evolutions of N0 and N120 counterparts, final grain yield and N-uptake
was always significantly (p < 0.01) greater with all N applied irriga-
tion treatments (Table 3). Apparent fertilizer N recovery efficiency was
higher in CF (42%) compared to AWD (32%) and DSR (25%), which re-
confirms the vital role of indigenous paddy soil N supply for rice growth
in all water managements (Table 3). So, while DSR saved 45% water
relative to CF, there was a significant impact on N-use efficiency be-
cause rice grain yield was 13 to 31%, and 16 to 19% lower than in case
of N0- and N120- CF and AWD management, respectively (Table 3). We
assume limited water supply to have mainly resulted in the yield loss in
case of DSR (Table 3); similarly Carrijo et al. (2017) reported that
adoption of a severe AWD (soil water potential at rooting zone<
−20 kPa) irrigation scheme, i.e. similar with the DSR treatment im-
posed here, yield declined by 23% and 33% less water use compared to
CF. In this trial the applied ‘safe AWD’ saved only 12% water and it is
then not very surprising that there were just marginal non-significant
effects on indicators of soil reductive processes and microbial activity,
N-availability, and grain yield. Howell et al. (2015) also found “no yield
penalty” for AWD, but did reach 57% reduced water use. Our present
observations for AWD and DSR may not be entirely representative as
fierce late season precipitation interfered with the experimental setup.
In more typical drier Boro seasons DSR yield and N-use efficiency could
be even lower, but on the other hand irrigation water savings and yield
may be higher in case of AWD. In fact several reports exist of significant
yield increases with AWD, likely due to soil drying during grain filling
stage by promoting faster C remobilization and root enlargement for
maximum nutrient uptake (Carrijo et al., 2017).

5. Conclusion

AWD caused Eh fluctuations appeared confined to the puddle layer
(0–15 cm) but temporal oxidation events were apparently sufficiently
anoxic to result in a nearly continual rising of solution Fe, Mn and
dissolved C alike in case of CF. In contrast, DSR temporarily produces

more oxic soil conditions down to the underlying plough pan and
subsoil with limited reductive dissolution of Mn and Fe and CH4-
emission. In line with the observed comparable evolutions of indicators
of soil reductive processes and gross microbial activity under CF and
AWD, summed evolutions of soil mineral N and N taken up by the rice
plant appear to be strikingly unaffected by introduction of AWD. In
contrast, C-emissions doubled, and N-use efficiency and rice yield were
significantly lowered by adopting DSR. In the conditions of North
Bangladesh, inadequate rainfall during the early Boro growing season
makes it imperative to apply enough irrigation water to dry seeded rice
such that germination and seedling establishment is not inhibited, but
ensuring that water is still saved. Further minimization of water use
seems possible through adoption of AWD with no or acceptable yield
loss, but this requires experimental confirmation. There does appear to
be a risk for crop failure under direct seeding in Northern Bangladesh
but we found no direct indication that this is related to a limitation of N
availability.
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